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Abstract
The Raman spectroscopy of chlorophyll (Chl) d isolated from Acaryochloris marina has been measured in the range of 250–3200 cm 1
at 77 K following excitation of its Bx band at 488 nm. A peak at 1659 cm
 1 of medium intensity arising from CjO stretching vibration in
the formyl group 31 specific to Chl d was observed clearly. Peaks due to other CjO stretching vibrations of the 131 keto-, 133 ester- and 173
groups have also been observed with much weaker intensities. Intense Raman peaks in the range of 1000–1800 cm 1 are reported and
homologous comparison with corresponding Raman shifts of Chl a, Chl b and BChl a are presented.
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The discovery of the marine prokaryotic oxygenic photo-
troph Acaryochloris marina (A. marina) has revealed in vivo
occurrence of a uniquely functional pigment chlorophyll
(Chl) d [1]. It acts not only as major light-harvesting
pigment [2,3] but also in the special pair (P740) in the
Photosystem (PS) I reaction center [4,5] where it performs a
function similar to that of P700 in that well-known Chl a-
containing analogues [6]. However, the identities of the
chlorophylls that act as the primary donor in PS II of A.
marina remain uncertain, with the possibilities being either
a Chl a or Chl d dimer. If indeed it is Chl a dimer, then
uphill energy transfer is required in order to purvey excita-
tion from the antenna system to the special pair [7,8].
The chemical structure of Chl d is identical to that of Chl
a except at the C-3 position, where a formyl group replaces
the vinyl group (see Fig. 1). This change shifts the max-
imum absorption of the lowest-energy excitation, the Qy
band [8] to longer wavelengths. This specific formyl group
in Chl d may lead to more stable pigment–protein com-
plexes as does Chl b via its formyl group at position C-7 [9].
In order to probe the photosynthetic functions of the Chl
d in A. marina, and in order to provide an in vivo map on
how photosynthetic reactions proceed in photosystems con-
taining Chl d and Chl a mixtures rather than Chl b/Chl a,
steady-state and time-resolved spectroscopic studies are
often applied. In particular, Raman shifts of photosynthetic
pigments can provide important details of the structural
organization of various underlying protein environments
[10,11] with resonance enhancement effects manipulated
in order to obtain chromophore-specific properties in situ.
Accurate and detailed Raman shifts of purified Chl d are
requisite knowledge for such studies.
In this short communication, we report the Raman
spectrum of Chl d measured at 77 K excited via its Bx band
[8] at 488 nm, and compare this with Raman spectra of other
chlorophyll pigments.
Chl d was isolated and purified from A. marina by HPLC
techniques. The Chl d from a concentrated acetonitrile
solution was deposited directly on a sample holder, and
placed onto the sample stage of a liquid nitrogen flow
cryostat (Likham). A thin solid film was formed by the
gradual cooling with a cooling rate of approximately  20
K/min. In this way, Chl d molecules were fixed in the solid
matrix of the solvent, from which the green color due to the
Chl d was clearly visible. Low-temperature Raman spectra
were recorded at 77 K from the Chl d solid film using a
RENISHAW Ramanscope (System 2000), equipped with a
charge-coupled device detector. Excitation of the Chl d
sample was obtained with the 488 nm line of an argon–
ion laser (Spectro-Physics). The laser power was about 30
mW. After beam expanding and steering, the laser beam was
focused upon the Chl d sample with a Leicha micro-
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objective (20 magnification) in a micro-Raman stage.
Laser power focused on the Chl d sample was less than 1
mW in our experimental conditions. Long-time illumination
was avoided in order to reduce any possible damages to Chl
d caused by laser-irradiation.
No Raman signals were observed in the range 1800–
2800 cm 1 for Chl d. The observed Raman shifts in the
range 250–1800 and 2800–3200 cm 1 are given in Fig. 2,
where only strong peaks are labeled. As for species of Chl a,
Chl b and BChl a [12,13], there are many strong Raman
signals in the range 800–1800 cm 1, that are mainly due to
the CH3 bend, CH bending, and CO, CC, CN stretching
vibrations. The main Raman shifts in the range of 1000–
1800 cm 1 of Chl d and homologies to Chl a, Chl b and
BChl a are given in Table 1.
Interestingly, there are four CjO (double bond) stretch-
ing vibrations. The peak at 1659 cm 1 observed with
medium intensity is assigned to the CjO stretching vibra-
tion from the 31 formyl group. This is 15 cm 1 larger than
the value of 1644 cm 1 observed for the formyl group 71 in
Chl b [12] and only 1 cm 1 less than the value of 1660 cm 1
for the equivalent group in BChl a [13]. The keto 131, ester
133, and 173 CjO stretching vibrations contribute to three
very weak peaks (not labeled in Fig. 2) at 1692, 1718 and
1743 cm 1, respectively. The peak at 1692 cm 1 due to the
keto 131 CjO stretching vibration is 3–5 cm 1 lower in
Fig. 1. Molecular structure of chlorophyll d.
Fig. 2. Raman shifts of Chl d in the range of 250–3200 cm 1 observed at
77 K.
Table 1
Observed Raman shifts (in cm 1) (at 77 K) of chlorophyll d and
homologous vibrations in Chl a, Chl b and BChl a
Observeda Chl ab Chl bb BChl ac Assignment
1743 (vw) 173 vCO
1718 (vw) 133 vCO
1692 (vw) 1695 1697 1695 131 vCO
1659 (m) 1644 1660 31 vCO
1654 (m, sh) 1630 1633
1610 (m) 1612 1610 1605
1554 (s) 1555 1567 1577
1533 (s) 1530 1523 1525
1493 (m) 1495 1480 1500
1456 (w) 1455 1465
1435 (m) 1440 1437 1447
1402 (w) 1392 1394 1395
1378 (m) 1380 1380 1382
1350 (s) 1348 1350 1345
1292 (s) 1288 1295
1267 (w) 1265 1270
1239 (m) 1225 1228 1248
1213 (w) 1205 1210
1180 (w) 1177
1163 (m) 1155 1160 1165
1138 (w) 1145 1144
1117 (vw) 1115 1128 1120
1065 (vw) 1070 1077 1068
1024 (w) 1030 1030
Abbreviations: s = strong, m =medium, w = weak, vw = very weak,
sh = shoulder.
a This work.
b Ref. [12].
c Ref. [13].
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frequency than corresponding values in Chl a (1695 cm 1)
[12], Chl b (1697 cm 1) [12], BChl a (1695 cm 1) [13]. The
observed frequency of 1743 cm 1 arising from the 173
CjO stretching vibration in Chl d is 8 cm 1 higher than
corresponding one (1735 cm 1) observed in BChl a [13].
In summary, we report Raman shifts observed at 77 K in
the range of 250–3200 cm 1 for purified Chl d extracted
from A. marina. The important strong Raman peaks in the
range 1000–1800 cm 1 and homologous comparisons to
corresponding Raman shifts of Chl a, Chl b and BChl a are
presented. The assignments of Raman shifts of Chl d with
the aid of density functional theory (DFT) analyses are in
process [14].
The properties of Chl d are distinct from those of Chl a
and Chl b. Eggink et al. [9] have suggested that the formyl
group of Chl b favours its light-harvesting properties espe-
cially in the protein complex. It is interesting that both Chl d
and BChl a have a formyl group at position C-3 that can be
identified with a band at 1659 cm 1. It would be interesting
to see in future studies whether this group is also important
for the light-harvesting properties of these pigments in
association with their conjunctional proteins. Many of the
details remain to be solved. The accurate determination here
of the carbonyl vibrational modes (arising from formyl 31,
keto 131, ester 133 and 173 CjO stretching) of chlorophyll
d, allow for future identification and characterization in situ.
The Raman spectrum of Chl d reported here for the first time
provides key information for future experimental studies.
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